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Abstract

Compromised DiR-class signaling is implicated in several neurodegenerative disorders
such as in the case of L-DOPA-induced dyskinesia (LID) seen in individuals suffering from
Parkinson’s disease (PD). Therefore, extensive research is required to be able to therapeutically
target the altered mechanisms in DiR-class responsiveness which develop in these psychomotor
disorders. One main component that is yet to be fully delineated is the role of proteins that
interact with the intracellular loops of the D1R-class. Thus, to gain further insight into the
protein-protein interaction networks implicated in the regulation of the DiR-class, our laboratory
performed yeast two-hybrid screening to characterize the interactions between PLZF and the
cytoplasmic tail of the DR, as well as PLZF and the third intracellular loop of the DsR.
Furthermore, our lab identified endogenous PLZF-DsR complex formation within the rat
hippocampus and striatum. Interestingly, PLZF is described as a multifunctional transcription
regulator and has been characterized as a cytosolic and nuclear protein expressed in developing
and mature brains. PLZF has also been shown to interact with the agonist-stimulated GPCR
AT>R, internalize with AT2R, shuttle to the nucleus upon prolonged Angll exposure and bind to
the constitutively activated Gao subunit. Based on these findings, I hypothesized that PLZF
regulates DiR-class function through complex formation, signaling and trafficking mechanisms.
Herein, I demonstrate using co-transfected HEK293 cells that upon agonist exposure, there is an
increase in the association between PLZF and the DiR-class. The PLZF-DiR and PLZF-DsR
interactions do not alter the ligand binding affinities of the receptors. Interestingly, the co-
expression of B-arrestin 2 with PLZF and either the D1R or DsR results in decreased recruitment

of B-arrestin 2 to the receptors. Furthermore, the PLZF-D1R interaction results in increased
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cAMP and ERK activation, while PLZF-DsR interaction results in decreased cAMP and ERK
activation. PLZF also increases the cellular surface and total expression of the DR but does not
have any effect on the DsR surface and total expression. The distinct contrasting effect of PLZF
interaction with the DiR-class is also observed in the disrupted internalization of the DR vs. the
facilitated internalization of the DsR. Moreover, -arrestin 2 co-expression with PLZF impedes
the extent of internalization for both the DR and DsR. Finally, PLZF distinctly regulates DiR-
class recycling by possibly accelerating D1R recovery and delaying DsR recovery. These novel
findings may provide a better understanding of the molecular mechanisms involved in the
etiology of neuropsychiatric diseases and potentially facilitate the development of treatments for

dopamine-related disorders.
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INTRODUCTION



1. Overview of the Dopaminergic System

1.1. Dopamine Synthesis and Function

Dopamine (DA), also known as 3,4-dihydroxyphenylethylamine, is a metabolite of the amino
acid tyrosine and the main catecholaminergic neurotransmitter in the mammalian brain. DA
synthesis starts in the presynaptic neurons and is synthesized in several steps (Fig. 1). The DA
precursor L-tyrosine is hydroxylated to 3,4-dihydroxy-L-phenylalanine (L-DOPA) by the rate-
limiting enzyme tyrosine hydroxylase (TH). Next, L-DOPA is decarboxylated by the aromatic L-
amino acid decarboxylase (DOPA decarboxylase) to DA. DA is then stored by vesicular
monoamine transporters (VMAT) into storage vesicles and excess DA in the presynaptic
terminal is degraded by monoamine oxidase (MAO). An action potential (AP) occurs when the
neuron is depolarized, leading to an influx of Ca?" and the release of DA in the synaptic cleft.
The excess DA in the postsynaptic terminal is metabolized by the catechol-O-methyltransferase
(COMT). Lastly, the dopamine transporter (DAT) drives the reuptake of extracellular DA into
the presynaptic cleft, controlling the spatial and temporal dynamics of DA neurotransmission
(Daubner et al., 2011; Verheij & Cools, 2008).

DA plays a critical role in the regulation of a variety of central nervous system (CNS)
functions including locomotor activity, cognition, positive reinforcement, food intake, sleep,
learning, and memory. In the peripheral nervous system (PNS), DA also controls vital
physiological functions such as olfaction, retinal processes, hormonal regulation as well as
gastrointestinal, cardiovascular, immune, renal and sympathetic system regulation. Since DA
regulates various critical physiological functions, it is evident that dopaminergic dysfunctions

contribute to the pathophysiology of multiple human disorders, including Parkinson’s disease



(PD), Levodopa-induced dyskinesia (LID), and Huntington’s disease (HD). Furthermore, DA
dysregulation also contributes to the development of a host of neuropsychiatric conditions such
as schizophrenia, major depressive disorder (MDD), attention deficit hyperactivity disorder
(ADHD) and bipolar disorder (Beaulieu, Espinoza, & Gainetdinov, 2015; Beaulieu &

Gainetdinov, 2011; Missale et al., 1998).

1.2. Major Dopaminergic Pathways
DA neurons are mainly localized in three brain regions; the ventral tegmental area (VTA) of the
midbrain, the substantia nigra pars compacta (SNpc), the arcuate and the periventricular nuclei of
the hypothalamus. The axons of these neurons project to different regions of the brain through
four major dopaminergic pathways, known as mesocortical, mesolimbic, nigrostriatal and
tuberoinfundibular pathways (Fig. 2). First, DA neurons in the VTA project to the nucleus
accumbens (NAc) via the mesolimbic pathway. Second, the dopaminergic projections within the
mesolimbic pathway originate in the VTA and travel to the prefrontal cortex (PFC). Third, DA
neurons in the SNpc project to the dorsal striatum via the nigrostriatal pathway. The final
pathway is the tuberoinfundibular pathway. In this pathway, DA neurons begin in the arcuate and
periventricular nuclei of the hypothalamus and project to the median eminence to release DA

into the pituitary gland (Beaulieu & Gainetdinov, 2011; Klein et al., 2019; Missale et al., 1998).
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Figure 1. Schematic Diagram of Dopamine Synthesis

In the presynaptic neuron, DA is synthesized from L-tyrosine. Tyrosine hydroxylase (TH) is the
rate limiting-enzyme that converts L-tyrosine to L-DOPA. Decarboxylation of L-DOPA by
DOPA decarboxylase produces DA. Newly synthesized DA is then packaged into storage
vesicles by VMAT2. Action potential (AP) activity results in the increase of Ca*" influx in the
synaptic terminal which allows the DA-storing vesicles to fuse with the plasma membrane and
release DA into the synaptic cleft. Once DA is released in the synaptic cleft, DA binds to
dopaminergic autoreceptors located presynaptically or activates postsynaptic DA receptors
leading to the activation of different signaling pathways. Remaining DA in the postsynaptic cleft
is then degraded by COMT and DA reuptake by DAT terminates DA activity. COMT is also
expressed on glial cells (not shown). Created with BioRender.com
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Figure 2. The Major Dopaminergic Neuronal Pathways

There are four major dopaminergic pathways. 1. The mesolimbic pathway projects from the
ventral tegmental area to the nucleus accumbens and other limbic areas (e.g. hippocampus and
amygdala, not shown). 2. The mesocortical pathway: projects from the ventral tegmental area to
the prefrontal cortex and sensorimotor cortex (not shown). 3. The nigrostriatal pathway projects
from the substantia nigra to the dorsal striatum. 4. The tuberoinfundibular pathway projects from
the hypothalamus to the pituitary gland. Created with BioRender.com



2. G-Protein Coupled Receptors (GPCRs)

Once DA is synthesized in both the CNS and the periphery, it exerts its actions upon
binding to G protein-coupled receptors (GPCRs). GPCRs comprise the largest family of cell
surface receptors that mediate numerous physiological functions, including smell, taste, vision,
immune response, neurological and cardiovascular regulation (Kim & Chung, 2020). GPCRs are
versatile, seven-transmembrane (7TM) domain proteins that regulate an array of intracellular
signaling cascades in response to external stimuli, such as ions, odorants, hormones,
neurotransmitters and other stimuli (Hilger et al., 2018). Therefore, GPCRs represent attractive

drug targets as they play a crucial role in physiology and disease.

2.1. GPCR Structure

All GPCRs share a similar structure consisting an extracellular amino-terminus (NT),
followed by seven hydrophobic transmembrane a-helices (TM1-TM7) which are linked by three
alternating extracellular loops (EL1-EL3) and intracellular loops (IL1-IL3), and finally an
intracellular carboxyl-terminus (CT). The transmembrane domains present the highest degree of
sequence conservation, while the intracellular and extracellular domains exhibit great variability
in size and amino acid sequence. The NT contains N-glycosylation sites, which allow for cell
surface expression. In addition, there are two cysteine residues that form a disulfide bridge
between the EL1 and EL2 for normal protein folding, as well as a cysteine residues in the CT
domain which serve as a site for palmitoylation. This lipid modification forms a putative fourth
intracellular loop (IL4) which has been characterized in crystallized GPCRs as an alpha-helix
region referred to as helix 8. Evidently, the 7TM domains are known to manage ligand binding

whereas the CT and ILs interact with heterotrimeric guanine nucleotide-binding protein (G-



proteins) and various intracellular components (Fredriksson et al., 2003; Hoffmann et al., 2008;

Luttrell, 2008) (Fig. 3).

2.2. GPCR-mediated Activation of G-proteins

The classical signal transduction through GPCRs is dependent on the receptor-mediated
activation of heterotrimeric G proteins, which connect receptors to downstream effectors to
produce diverse cellular responses. The heterotrimeric G-proteins are composed of three
subunits, known as Ga, GB and Gy. Four major G-protein families (Gs, Gio, Gg11 and G12/13)
have been classified based on primary sequence homology between the 21 identified human Ga
isotypes encoded by 16 distinct genes. Members of the Ga family range in size from 39-52 kDa
and all Ga structures are composed of two domains: a GTPase domain and a helical domain
(Downes & Gautam, 1999; Oldham & Hamm, 2006; Simon et al., 1991). The helical domain is
composed of six a-helices that cover the nucleotide binding site (guanosine diphosphate
(GDP)/guanosine triphosphate-binding site (GTP)-binding site), concealing the bound
nucleotides in the core of the protein (Warner et al., 1998). Since the helical domain is the most
divergent among Ga subunits, it may play an important role in coupling specific G proteins to
effectors (Liu et al., 1998). The GTPase domain is known to hydrolyze GTP and contains sites
for the GBy dimer. The G} subunit has 6 different isoforms and a size of approximately 35-39
kDa, and forms a non-dissociable functional heterodimer with Gy subunit, which has 12 different
isoforms and is 7-8 kDa in size (Oldham & Hamm, 2006).

In the inactive state, the Ga subunit is bound to the Gy subunits to form the
heterotrimeric G-protein complex. Upon ligand binding, the GPCR shifts to an active state and

undergoes conformational changes in the intracellular domains of the receptor. These changes



lead to the association of the receptor with a variety of heterotrimeric G-proteins, which prompts
the exchange of GDP for GTP, resulting in the dissociation of the Ga subunit from the GBy
complex. Both the GTP-bound Ga subunit and the released Gy complex are then able to interact
with intracellular or membrane effectors, such as ion channels or enzymes. To restore the initial
inactive conformation as well as its affinity for the Gy complex, the intrinsic GTPase activity of
the Ga subunit hydrolyzes GTP into GDP. This process requires the interaction of Ga with
proteins called regulators of G protein signaling (RGS), which catalyze the intrinsic GTPase

activity. Without this interaction, the hydrolysis of GTP is slow (Fig. 4).

2.3. Classification of GPCRs

The human genome contains approximately 800 GPCRs, rendering it the largest family
of membrane proteins. GPCRs are categorized into five classes on the basis of function and
sequence similarities, namely rhodopsin-like receptors (R, 701), secretin family (S, 15),
metabotropic glutamate receptors (G, 15), adhesion receptors (A, 24) and frizzled/taste2
receptors (F, 24) (Fredriksson et al., 2003; Lee et al., 2017). The most studied group of GPCRs is
the rhodopsin family as it contains the largest number of receptors and accounts for 80% of
receptors in humans. The rhodopsin family is further subdivided into four main groups: o
(biogenic amine receptors including dopamine receptors (DARSs), serotonin receptors,
prostaglandin receptors, opsins, melatonin receptors, as well as melanocortin and cannabinoid
(MECA) receptors, B (neurotensin and neuropeptide Y (NPY) receptors) , y (somatostatin and
chemokine receptors), 6 (MAS-oncogene-related receptors, glycoprotein receptors, purine

receptors, and the olfactory receptors) (Fredriksson et al., 2003).



The rhodopsin family of receptors share a common structural feature of approximately 20
highly conserved amino acids in the cytoplasmic side of the TM domains. These residues have
been shown to be critical for proper protein folding and receptor stability upon receptor
activation (Moreira, 2014). Specifically, members of the rhodopsin family share a conserved
aspartate-arginine-tyrosine (DRY) motif located at the border between the TM3 and IL3. This
motif is important for protein stabilization, specificity, and maintaining receptor inactivity
(Moreira, 2014; Rovati et al., 2007). In addition, it is known that the intracellular loops of the
rhodopsin receptors vary in length and amino acids, yet the TM domains are highly conserved.
Specifically, the IL2 is the most conserved domain with 20 + 2 amino acids while the IL3 is the
most divergent domain with 41 £+ 43 amino acids. The NT and CT domains contain
approximately 62 + 98 and 53 + 26 amino acids, respectively (Karnik et al., 2003; Moreira,

2014).
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Figure 3. Schematic Diagram of General GPCR Structure

GPCR structure contains seven alpha-helix TM domains, connected by three ELs and
three ILs. The external segment of the receptor is the NT and the internal segment is the
CT. The TM domains form the ligand binding site while the three ILs and CT are sites
that allow interaction with the G-protein. The NT of the receptor contains N-

glycosylation sites while the CT contains cysteine residues serving as palmitoylation sites
forming the IL4. Created with BioRender.com
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Figure 4. Schematic Diagram of Heterotrimeric G protein Activation

In the inactive state of the GPCR, the heterotrimeric G-protein complex consists of GDP-
bound Ga associated with Gy subunits. 1: Ligand binding to GPCRs produces
conformational changes in the intracellular domains of the receptors and the GPCR is
now in an active state. 2: Changes in the intracellular domains trigger the exchange of
GDP for GTP. 3: The Ga. subunit dissociates from the Gy complex, and both Ga and
GpY can interact with different effector partners leading to downstream signaling. 4: The
intrinsic GTPase activity of Ga-subunit will then hydrolyze the GTP into GDP which
requires interaction between Go-subunit and RGS. 5: G protein subunits reunite again to
form a non-functional heterotrimeric Gofy complex and to return back to the inactive
resting state. Created with BioRender.com
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2.4. Canonical GPCR Signaling Pathways

The biophysical and crystallographic analysis of GPCRs has validated the functionalities
and properties of various structural elements shared by the activation mechanisms of this family
of receptors. For instance, it has been shown that GPCR activation through ligand binding causes
an outward rotation of the intracellular end of TM6, which opens a crevice within the
intracellular surface of the receptors into which a G protein can bind (Moreira, 2014; Oldham &
Hamm, 2008).

The classical signaling pathway of GPCRs begins with the activation of the Go, which
stimulates adenylyl cyclase (AC), while activation of Goy; inhibits AC. AC catalyzes the
conversion of adenosine triphosphate (ATP) into the second messenger cyclic adenosine
monophosphate (cAMP), which then activates cAMP-dependent protein kinase A (PKA). In
contrast, the activation of Ga, results in the stimulation of phospholipase-C (PLC), which
catalyzes the hydrolysis of phosphatidylinositol biphosphate (PIP,) into diacylglycerol (DAG)
and inositol triphosphate (IP;). IP;increases the release of calcium (Ca?*) through activation of
IP;receptors located on the endoplasmic reticulum (ER), which leads to the activation of protein

kinase C (PKC) (Seyedabadi et al., 2019; Wettschureck & Offermanns, 2005).

2.5. Regulation of GPCR Signaling
Studies have shown that GPCRs interact with at least three families of proteins in an
agonist-dependent manner, including the heterotrimeric G proteins, GPCR kinases (GRKs) and

arrestins (Jean-Charles et al., 2017; Weis & Kobilka, 2018).
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2.5.1. Negative Regulation of GPCRs
Receptor responsiveness is regulated through various mechanisms that dampen GPCR
signaling. The GPCR is mainly the target for extensive negative regulation and the processes that
regulate GPCR responsiveness at the receptor level are usually categorized based on mechanism,
into receptor desensitization (homologous and heterologous desensitization), internalization,
recycling and downregulation. This ultimately leads to a sequence of steps including the
uncoupling of the receptor from the G protein, removal of receptors from the plasma membrane,

receptor recycling or degradation, and reduced synthesis of new receptors (Luttrell, 2008).

2.5.1.1. Heterologous Desensitization

Within seconds of agonist exposure, the receptor becomes phosphorylated and
desensitization is initiated. The serine and threonine residues within the cytoplasmic loops and
CT domains are phosphorylated by second messenger-dependent protein kinases, including PKA
and PKC (Luttrell, 2008). Phosphorylation of these sites directly impedes receptor-G protein
coupling. Most importantly, agonist occupancy of the target GPCR is not required for this
process (Freedman & Lefkowitz, 1996). Therefore, this mechanism is called heterologous
desensitization because the receptors that do not have a bound agonist, including receptors for
other ligands, can be desensitized by the activation of second messenger-dependent protein

kinases (Freedman & Lefkowitz, 1996; Luttrell, 2008).

2.5.1.2. Homologous Desensitization

Homologous desensitization is a two step-process which involves receptor

phosphorylation by specific GRKs followed by the binding of an arrestin protein, whose role is
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to physically uncouple the receptor and G protein. Specifically, GRKs phosphorylate agonist-
bound receptors on serine and threonine residues present in their IL3 and CT domains. This
produces high-affinity for [3-arrestin binding and results in steric hindrance of G protein
coupling. There are seven known GRKs. GRK1 and GRK?7 are retinal kinases, whereas GRK?2-
GRKG6 are more widely expressed (Stoffel et al., 1997). Unlike PKA and PKC, GRKSs
preferentially phosphorylate receptors that are in the agonist-occupied conformation. Moreover,
GRK phosphorylation alone has minimal direct effect on receptor-G protein coupling and
receptor desensitization. Alternatively, the main function of GRKs in GPCR desensitization is to
increase receptor affinity for arrestins. Therefore, it is the binding of arrestin to receptor domains

involved in G protein coupling that leads to homologous desensitization (Fig. 5).

2.5.2. p-arrestin

There are two isoforms of (-arrestins. [3-arrestin 1 and (3-arrestin 2 are expressed in most
tissues and play an important role in regulating signal transduction of various GPCRs (Reiter &
Lefkowitz, 2006). Studies of the 2-adrenergic receptor (32-AR) reveal that receptor activation
causes the translocation of -arrestins from the cytoplasm to the cell membrane and the
interaction of B-arrestins with the activated GPCR (Claing et al., 2002). This interaction results
in the internalization of the receptor and attenuation of signaling by essentially uncoupling the
receptor from its cognate G proteins (Claing et al., 2002; Ma & Pei, 2007). Studies have shown
that GPCRs can signal through coupling to non G-protein effectors like B-arrestins (Perry &
Lefkowitz, 2002).

[-arrestins are known to behave as signal terminators or signal transducers, as well as

scaffolding proteins which allow interactions with several intracellular signaling molecules
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(Luttrell, 2008). As a result, 3-arrestins connect GPCRs to various signaling pathways such as
the mitogen activated protein kinase (MAPK) cascades and proto-oncogene tyrosine kinase Src
family, mediating G protein independent signaling (Luttrell, 2008; Ma & Pei, 2007). For
instance, the role of B-arrestins in the regulation of MAPK cascades is an extensively studied
signaling mechanism. G-protein-dependent extracellular signal regulated kinase (ERK)
activation appears to be fast and transient and can be interrupted by pertussis toxin or PKA
inhibitors (Gesty-Palmer et al., 2006). Whereas, B-arrestin-dependent ERK activation is slower
in onset and durable, and it is sensitive to depletion of -arrestins but not Gi/PKA inhibition or
loss of G, (Shenoy et al., 2006).

In addition, activation of ERKs does not consistently induce their nuclear translocation
and transcriptional responses, as G protein-dependent ERK activation does not result in the
translocation of activated ERKs from the cytoplasm to the nucleus (Lefkowitz & Shenoy, 2005).
Specifically, the ERK1/2 activated by the 3-arrestin scaffold is mostly confined to cytoplasmic
locations such as endocytic vesicles which results in the attenuation of the ERK effect on
phosphorylation of substrates in the nucleus (Jafri et al., 2006). Instead, retention of ERKSs in the
cytoplasm affects the cellular response through phosphorylation and activation of transcription
factors in the cytoplasm and their translocation to the nucleus (Ma & Pei, 2007).

The rhodopsin subfamily of GPCRs are known to have higher affinity for binding to {3-
arrestin 2 than [-arrestin 1 (Kohout et al., 2001). In addition to negative regulation of GPCR-
mediated signaling, B-arrestins are also known to play a role in receptor trafficking and signaling
(Lefkowitz & Shenoy, 2005). The CT of B-arrestin contains a binding motif for clathrin and [32-
adaptin subunit of the adaptor protein-2 (AP-2) (Laporte et al., 1999). This allows B-arrestin to

target GPCRs to clathrin-coated pits for endocytosis and removal from the plasma membrane
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(Luttrell, 2008). The GPCRs are then ushered to endosomes for sorting either to the lysosomes
for degradation or dephosphorylation, release of arrestin, resensitization and then recycling back

to the cell surface (Kohout et al., 2001; Luttrell, 2008) (Fig. 5).

2.5.3. Positive Regulation of GPCRs

The interactions between GPCRs and various other proteins positively modulate GPCR
signaling, ligand binding, coupling to G protein and effectors, and targeting specific subcellular
locations. Studies suggest that GPCRs are organized into multi-receptor “signalosomes” that
impact the receptor responsiveness (Luttrell, 2008). These protein-protein interactions include
GPCR homodimerization (two identical receptors interacting with each other) and
heterodimerization (two distinct receptors interacting with each other). Various GPCR dimers
form during synthesis, and in some cases, such as GABAB receptors, dimerization is necessary
for trafficking nascent receptors to the plasma membrane (Kniazeff et al., 2002; Luttrell, 2008).

Additionally, positive regulation of GPCRs is achieved through the interaction with
Receptor Activity-Modifying Proteins (RAMPs), and the binding of scaffolding proteins to the
GPCR IL3 and CT (Luttrell, 2008). The three known RAMP proteins are 148-174 amino acid
single membrane-spanning glycoproteins with large extracellular domains and short cytoplasmic
domains (Sexton et al., 2001). In addition, the post synaptic density of 95 kDa (PSD95)-Disc
large-Zonula occludens-1 (PDZ) domains are protein-protein recognition domains that allow
binding to short peptide motifs located in the CT of proteins, which serve as scaffolds for protein
trafficking, localization and complex assembly (Bockaert et al., 2003; Brady & Limbird, 2002;
Luttrell, 2008). Therefore, these GPCR interacting proteins are able to modulate the function,

trafficking, and ligand specificity of the receptors (Luttrell, 2008).
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Figure 5. Schematic Diagram of GPCR Desensitization and Trafficking

1: Exposure to ligand leads to rapid uncoupling of the GPCR from its G protein due to receptor
phosphorylation by GRKs on the CT and ILs. 2: Phosphorylation of activated GPCRs by GRKs
promotes the binding of B-arrestin to phosphorylated receptors, which disrupts the GPCR/G
protein interaction leading to desensitization. 3: Following receptor phosphorylation, GPCR-{3-
arrestin complex is targeted for endocytosis and dynamin-dependent internalization of GPCRs
occurs through clathrin-coated vesicles. 4: Internalized GPCRs are sorted into S: lysosomes for
degradation or 6: dephosphorylated and recycled back to the cell surface. Created with
BioRender.com
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3. Family of Dopamine Receptors (DARS)

3.1. Classification of DARs

The diverse physiological functions controlled by DA in the central and peripheral
nervous systems are mediated by the five subtypes of DARs (DiR, D2R, D3R, D4R and DsR).
DARs belong to the GPCR superfamily and are classified into two major groups: the DiR-class
(D1R and DsR), and D2R-class (D2R, D3R and D4R), based on their canonical signaling
pathways, structure, and pharmacological properties. The DiR-class stimulate AC through
coupling to the stimulatory or olfactory heterotrimeric G a protein (Gow/olr) and thereby
stimulating the production of the second messenger cAMP. In contrast, the D2R-class inhibit AC
by coupling to the inhibitory/o heterotrimeric G a protein (Gais) and thus inhibit the production
of cAMP (Beaulicu et al., 2015; Beaulieu & Gainetdinov, 2011; Missale et al., 1998).

The DiR-class primarily acts through the Gasoi-cAMP-PKA-DA and cAMP-regulated
phosphoprotein 32 kDa (DARPP-32)- dependent pathways. On the other hand, the D2R-class
acts via both the Gai,o-cAMP-PKA-DARPP-32 pathway and through the G protein By subunit
complex (GPy)-mediated signaling pathways. The DiR-class canonical signaling pathway
ultimately leads to an increase in neuronal excitability by reducing the activity of y-aminobutyric
acid type A receptors (GABAAR), K* channels, N- and P/Q-type Ca?" channels, and Na*
channels, and augmenting the activity of L-type Ca** channels, a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPAR) and N-methyl-D-aspartate receptors (NMDAR).
Conversely, the D2R-class canonical signaling pathway serves to reduce neuronal excitability

through enhancing K* channel activity and reducing the activity of N- and P/Q-type Ca?*
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channels, Na* channels, L-type Ca?* channels, GABAAR, AMPAR, and NMDAR (Beaulieu et
al., 2015; Beaulieu & Gainetdinov, 2011; Missale et al., 1998).

The classification of DARs is also based on the genetic structure and the absence or
presence of introns in the coding sequence of the D1R- and D2R-classes. The DiR-class genes do
not contain introns, therefore D1R and DsR exist as a single isoform. In contrast, the genes
encoding the D>R-class contain introns, however only the D2R contains more than one functional
splice variant, called the short (D2s)R and long (D»1)R isoforms which are generated by
alternative splicing of a 8§7-base pair exon between the fourth and fifth intron. The (D2)R differs
from (D2s)R by the addition of 29 amino acids in the IL3 (Beaulieu & Gainetdinov, 2011;
Missale et al., 1998) (Fig. 7). Structural analysis of DARs reveals the shared homology between
the subtypes belonging to the DiR- and D>R-class. The DR and DsR share a 80% identity in
their TM domains (Fig. 6), while the D2R and D3R share a 75% identity and the D>R and D4R
share a 53% identity, in their TM domains (Beaulieu & Gainetdinov, 2011; Civelli et al., 2003;
Missale et al., 1998) (Fig. 7). The differences between the D1R- and D2R-classes within the 7TM
regions results in a considerably higher DA affinity for DoR-class in comparison to DiR-class.
The DARs are also grouped into the DiR- and D2R-class due to the major structural differences
present within the intracellular CT and the IL3 regions. Specifically, the DiR-class have a CT
approximately seven times longer than that of the DoR-class, while in contrast the D2R-class
have a relatively longer IL3 in comparison to the DiR-class (Beaulieu & Gainetdinov, 2011;
Missale et al., 1998) (Fig. 6, Fig. 7).

Additionally, the D1R- and D2R-classes vary in their post-translational modifications. All
DARs display N-glycosylation sites in the extracellular NH>-terminal. Specifically the DiR-class

possess two N-glycosylation sites, one in the NH»-terminal and the other in the EL2. The D2R
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has four potential glycosylation sites, the D3R possesses three and the D4R has only one
(Beaulieu & Gainetdinov, 2011; Gingrich & Caron, 2003; Missale et al., 1998). Moreover, the
CT in the DiR-class is rich in serine and threonine residues while the IL3 in the D,R-class is rich
in serine and threonine residues. Both classes of receptors contain a cysteine residue that may
become palmitoylated perhaps to anchor the CT to the membrane. In the D1R-class, this cysteine
residue is localized near the beginning of the CT and in the D2R, it is situated near the end of the

CT (Beaulieu & Gainetdinov, 2011; Jackson & Westlind-Danielsson, 1994; Missale et al., 1998).
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Figure 6. Secondary Structures and Amino Acid Sequences of the Human DR and DsR
Black circles represent identical amino acid residues conserved between DR and DsR and open

circles represent the divergent residues between the two subtypes. Taken from (Zhang et al.,
2014).
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Figure 7. Secondary Structures and Amino Acid Sequences of the Human D;R and D3R
Black circles represent identical amino acid residues conserved between D2R and D3R and open
circles represent the divergent residues between the two subtypes. The DoRL and D2RS differ by
a 29 amino acid insertion in IL3. Taken from (Zhang et al., 2014).
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3.1.1. Expression of DARSs in the Central Nervous System

DiR-class are mostly expressed postsynaptically on DA-receptive cells, such as
GABAergic medium spiny neurons (MSNs) in the striatum. In contrast, D2R-class are expressed
both presynaptically and postsynaptically (Baik, 2013; Beaulieu & Gainetdinov, 2011). The D1R
is the most highly expressed subtype in the brain. In the CNS, DiR-class are mainly expressed in
the striatum (caudate putamen), nucleus accumbens, amygdala, substantia nigra pars reticulata,
olfactory bulb, amygdala, and frontal cortex. In addition, the DiR-class are expressed at lower
levels in the thalamus, hypothalamus, hippocampus and cerebellum (Klein et al., 2019). The
D>R-class are mostly expressed in the striatum, the lateral part of the globus pallidus, core of the
nucleus accumbens, ventral tegmental area, amygdala, hypothalamus, cortical areas,
hippocampus and pituitary gland. In the periphery, DARs are expressed in blood vessels,
kidneys, heart, retina and adrenals controlling catecholamine release and the renin-angiotensin

system (Klein et al., 2019).

3.1.2. Function of DARs

The effects of DA on locomotor activity has been substantially researched. Primarily,
forward locomotion is controlled by the ventral striatum through DiR, D2R, and D3R activity. It
has also been shown that decreased locomotor activity results from the activation of DoR
autoreceptors, while activation of postsynaptic DoR moderately increases locomotion. Some
studies have demonstrated that the synergistic interaction between D1R and DR, which are
segregated into the direct and indirect pathways of the striatum, as well as the activation of DR
is required for D2R agonists to generate maximal locomotor activity. In addition, agonist

activation of the D3R, which is expressed postsynaptically in the nucleus accumbens, results in
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an inhibitory effect on locomotor activity, whereas the antagonistic effect on D3R results in
stimulation of locomotion (Jackson & Westlind-Danielsson, 1994; Missale et al., 1998).

The effect of D1R- and D2R-classes on drug addiction has also been extensively
reviewed. Specifically, both DiR and D;R are shown to participate in the reinforcing properties
of various drugs of abuse. For instance, drugs of abuse exert their reinforcing effects by
prompting large surges of DA in the NAc that activate the direct striatal pathway via DiR and
inhibit the indirect striato-cortical pathway via D2R (Volkow & Morales, 2015). DAR
stimulation of the direct pathway directly mediates reward, while the DAR-mediated inhibition
of the indirect pathway opposes aversive responses. This mechanism explains why maximal drug
reward is obtained when DA binds to both the DiR and D2R. Specifically, in order for
reinforcement to occur, the drug-induced DA increases need to be fast and adequately large to
stimulate low affinity DR as well as the DR, leading to activation of the direct pathway and
inhibition of the indirect pathway (Volkow & Morales, 2015). Stimulation of D1R by
endogenous DA is essential for the expression of D;R-mediated effects on gene regulation and
behaviours. A study has shown that the DiR- and D2R-classes mediate different aspects of
reinforcing stimulus produced by cocaine (Missale et al., 1998). Particularly, D>R-class
activation appears to control the motivation to seek further cocaine reinforcement in the animal
model of cocaine-seeking behaviour (Missale et al., 1998). Contrastingly, the agonistic effect on
DiR-class has been shown to mediate a reduction in the drive to seek further cocaine
reinforcement, making it an appropriate target for potential therapy for cocaine addiction (Self et
al., 1996).

Finally, mesolimbic and mesocortical DA has been shown to mediate learning and

memory. Pharmacological studies have shown that the activation of both DR and D2R in the
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hippocampus has a positive effect on the retention of working memory tasks in rats, while
activation of D1R and D;R in the prefrontal cortex improves working memory in monkeys
(Arnsten et al., 2015; Missale et al., 1998). Considering that there is a lack of true agonists and
antagonists that discriminate between the subtypes of D1R- and D2R-classes, it is difficult to
investigate the role of DAR subtypes on learning and memory. However, knockout mice have
helped in the clarification of the role of DARSs in learning and memory. Although it is important
to note that the DiR-class effect on retention of memory is likely due to the DsR which is highly

expressed in the hippocampus compared to the D1R (Missale et al., 1998; Tiberi et al., 1991).

3.2.  Properties of DiR-class
3.2.1. DiR-class Expression

The DR is the most widespread and predominantly expressed DAR in the CNS (Dearry
et al., 1990; Fremeau et al., 1991; Missale et al., 1998). Specifically, the DR is highly expressed
in several brain regions including the frontal cortex, nucleus accumbens, dorsal striatum,
substantia nigra, amygdala and olfactory tubercle (Gerfen et al., 1990). Additionally, the DiR is
expressed at lower levels in the cerebellum, limbic system, hypothalamus and thalamus
(Beaulieu & Gainetdinov, 2011; Missale et al., 1998). In contrast, DsR expression is also
reported in most of these regions, but in less quantity than DR overall (Meador-Woodruff et al.,
1992; Missale et al., 1998; Tiberi et al., 1991). Ultrastructural analysis has revealed that both the
DiR and DsR exhibit much greater expression postsynaptically. However, there are differences
in the subcellular expression, as the DR is mainly expressed in the dendritic spines and shafts,
while the DsR is more abundant in the proximal dendritic shafts (Bergson et al., 1995; Missale et

al., 1998; Smiley et al., 1994). In particular, it has been shown that in comparison to the DsR,
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which is expressed in the dendritic shafts, the DiR is more prominently expressed within
dendritic spines of the individual pyramidal neurons (Bergson et al., 1995; Missale et al., 1998;
Smiley et al., 1994). Therefore, the differences observed in the cellular and subcellular
localization of the D1R and DsR suggests that although these receptors exhibit similar

pharmacology, they are not functionally redundant (Missale et al., 1998).

3.2.2. DiR-class Pharmacological Properties

It has not been possible to pharmacologically differentiate between D1R and DsR
(Missale et al., 1998). However, studies reveal that the DsR generally display higher affinity for
agonists and lower affinity for antagonists in comparison to the DR (Tiberi & Caron, 1994). DA
appears to have approximately 10-fold higher affinity for the DsR than the DiR (Seeman & Van
Tol, 1993; Tiberi et al., 1991). Furthermore, studies have shown that the non-benzazepine
antagonist compounds usually show a slightly higher affinity for the DiR than for the DsR, such
as (+)-butaclamol and flupentixol are the most selective for the DiR (Sunahara et al., 1991;
Tiberi et al., 1991). In addition, cell lines expressing the DsR or its rat counterpart show a higher
basal AC activity than those expressing the D1R, but agonist induced maximal activation was
higher for DiR than DsR (Tiberi & Caron, 1994). Therefore, the pharmacological properties of
DsR which include the higher basal AC level, the higher DA affinity, and the fact that some
antagonists display negative efficacy at DsR, but not at DR, demonstrates that the DsR exhibits

constitutive activity (Demchyshyn et al., 2000; Tiberi & Caron, 1994).
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3.2.3. DiR-class Structural Characteristics

Although the DiR and DsR exhibit similar function and distribution, there are a few
characteristic differences that have been reported in the genetic structure of each receptor. For
instance, the DiR-class are highly homologous within the TM domains, however the structural
analysis of the DiR and DsR show that the IL3 and the CT are similar in size yet divergent in
their amino acid sequence. In contrast, the IL1 and IL2 are highly conserved among both of these
receptors (Missale et al., 1998). Therefore, any differences observed in the biological
mechanisms of these receptors may be related to the IL3 and the CT regions. Additionally,
various mutagenesis studies of the IL3 and CT have demonstrated the importance of these
domains for G-protein coupling and binding properties of GPCRs. It has been shown that the
differences in IL3 and CT sequence of the DiR and DsR underlie the observed distinct properties
in DA potency for stimulating AC, DA binding affinity, maximal binding capacity (Bmax), and
constitutive activation (Charpentier et al., 1996; Iwasiow et al., 1999; Jackson et al., 2000;
Tumova et al., 2003).

Since it is known that the IL3 regulates G protein coupling, it is possible that given the
divergence in the IL3 structure of the D1R and DsR, each receptor may interact with different
Goas/olr isoforms under various conditions (Konig & Grétzel, 1994; Schulz et al., 1999; Wang et
al., 2001). In addition, the IL3 and CT are characteristically rich in serine and threonine residues
which can become phosphorylat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>